In the current study, the PL7 strain was isolated from soil and identified as Raoultella planticola based on its physiological characteristics and 16S rDNA sequence. By the 10th day, the PL7 strain degraded 52.0% of the pyrene (PYR) content and 50.8% of the benzo[a]pyrene (BaP) content in 20 mg L -1 PYR and 10 mg L -1 BaP in the liquid matrix. The half-life of PYR and BaP by PL7 degradation was 8.59 and 9.46 days, respectively. At pH 8.0, the degradation rates of PYR and BaP by PL7 were significantly higher at 30°C than at 20 and 40°C. The degradation ability of PL7 differed in red soil, paddy soil and fluvo-aquic soil; red soil produced the fastest degradation rates. The half-life of PYR and BaP by PL7 degradation in red soil was 21.7 and 11.9 days, respectively; however, without PL7 the half-life of PYR in red soil was 91.2 days. This study demonstrated the significant potential of the PL7 strain for bioremediation applications in the liquid matrix and soil contaminated by PAHs.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) consist of fused aromatic rings and are biodegradation resistant. PAHs are produced by natural sources including forest fires and anthropogenic processes, such as urban and industrial activities and are, therefore, prevalent in the environment (Fetzer 2007; Marusenko et al. 2011) . PAHs are amplified in soil and water and are accumulated by plant and animal uptake. High concentrations of PAHs in the environment affect the quality of agricultural products and pose risks to human health (Nacher-Mestre et al. 2014 ). Due to their carcinogenicity, mutagenicity and toxicity, seven PAHs have been placed on the black list of China's priority pollutants. Sixteen PAH compounds have been recommended as priority pollutants by the United States Environmental Protection Agency (USEPA) and have been designated as persistent organic pollutants (POP) by the United Nations Environment Programme (UNEP). Over the past 150 years, the environmental concentrations of PAHs gradually increased in industrially developed countries. PAH pollution is a common problem in all countries (Elgh-Dalgren et al. 2011) .
The presence of PAHs in the environment significantly affects environmental and ecological functions, agricultural product safety and human health. Therefore, it is necessary to pay attention to PAH pollution in the environment. Recently, there has been increased interest in developing methods to remove or degrade PAHs in the environment (Chen et al. 2015) . The cost and efficiency are the first considerations in the implementation of remediation technologies. Bioremediation involves the utilization of microorganisms to breakdown or mineralize pollutants into less harmful or non-toxic compounds (Kumar and Maitra 2016) . Its efficiency and cost-effectiveness make it a Electronic supplementary material The online version of this article (doi:10.1007/s13205-017-0704-y) contains supplementary material, which is available to authorized users.
promising technology for the removal of pollutants. Although PAHs are stable and resistant to biodegradation, a variety of PAH-degrading bacteria isolated from PAHcontaminated soil or sediment have been discovered (Kanaly and Harayama 2000) . The biodegradation of PAHs by microorganisms has received widespread attention (Shi et al. 2010) . Screening PAH-degrading strains is the key to the successful implementation of bioremediation. It is not difficult to degrade PAHs with lower molecular weights (Ghoshal et al. 1996) . Many bacterial strains that possess the ability to biodegrade PAHs consisting of two or three rings have been isolated and characterized (Song et al. 2011 ). PAHs containing four or more rings are relatively stable and are, therefore, difficult to degrade. To efficiently degrade or eliminate PAHs containing four or more rings, it is necessary to screen and identify microorganisms with high degradation abilities. Some studies have identified bacterial strains capable of degrading PAHs with four or more rings; however, the degradation efficiencies of these strains are relatively low (Wang et al. 2012; Wongwongsee et al. 2013) .
Pyrene (PYR) and benzo[a]pyrene (BaP, the most common cause of cancer) are representative PAHs with four and five rings, respectively. They account for a large proportion of the sixteen PAH priority compounds in the environment (Machín-Ramírez et al. 2010) and are model compounds of high-molecular mass PAHs. Previous studies have demonstrated microbial degradation of PYR and BaP (Arulazhagan and Vasudevan 2011) ; however, resources of degrading strains remain scarce. The aim of this study was to isolate strains that are capable of efficiently degrading PYR and BaP. One strain, R. planticola PL7, was identified through screening based on its physiological characteristics and 16S rDNA sequence. The application of R. planticola PL7 in the degradation of PYR and BaP in liquid matrix and soil was also studied in detail. The biodegradation of PYR and BaP by R. planticola PL7 was higher in the soil.
Materials and methods

Chemicals
Pyrene (PYR, 92.2% of purity) and benzo[a]pyrene (BaP, 99.0% of purity) were purchased from the Supelco Corporation (Bellefonte, PA, USA). Stock solutions with a final concentration of 1000 mg L -1 (PYR) and 500 mg L -1 (BaP) were prepared in acetone and kept in a brown bottle at 4°C to avoid any light exposure prior to use. All other chemicals were of analytical grade and commercially available. The Gel extraction and Plasmid extraction kits were provided by Axygen Biotech Ltd. 
Soil samples
Soil samples were collected from the surface layer (0-20 cm) for bacterial isolation near a car repair station in Hangzhou City, Zhejiang Province of China. For the degradation study, the soil samples were collected from the 0-20 cm layer of agricultural soils in Zhejiang Province of China. After the debris was removed, the air-dried soil was passed through a 1 mm sieve and kept at room temperature. The physical and chemical properties of the soils were as follows: (1) Fluvo-aquic soil (taxonomy of China, Gleyic Cambisols for taxonomy of World Reference Base for Soil Resources) from Hangzhou City: organic matter content (dry basis) 1.20%, pH 6.24, CEC/(me/100 g) 3.83, sandy soil texture.
(2) Red soil (taxonomy of China, Orthic Acrisol for taxonomy of World Reference Base for Soil Resources) from Quzhou City: organic matter content (dry basis) 0.79%, pH 5.28, CEC/(me/100 g) 17, heavy loam soil texture. (3) Paddy soil (taxonomy of China, Gleysol for taxonomy of World Reference Base for Soil Resources) from Jinhua City: Organic matter content (dry basis) 2.02%, pH 5.64, CEC/ (me/100 g) 10.1, medium loam soil texture.
Culture medium
The minimal medium (MM) contains (per L): 8.0 g of sucrose, 1.0 g of (NH 4 ) 2 SO 4 , 2.0 g of K 2 HPO 4 , 0.5 g of MgSO 4 Á7H 2 O, 0.1 g of NaCl, 0.5 g of yeast, 0.5 g of CaCO 3 and 1000 mL of distilled water. The solid MM plate (per L) was composed of 20.0 g agar. The MM without sucrose was amended by PYR and BaP mixture solution in acetone as the degradation medium. The solid MM plate without sucrose was amended by PYR and BaP mixture solution in acetone as the solid isolation medium. The solid lysogeny broth (LB) plate was composed of (per L): 10.0 g NaCl, 10.0 g peptone, 5.0 g yeast extract and 15.0 g agar.
Strain isolation and identification
The strain isolation and inoculation methods were carried out according to the procedures described by Ping et al. (2011 Ping et al. ( , 2014 . The detailed physiological characteristics of the PL7 strain were studied. The cell morphology of the strain was observed using a light microscope (Olympus CH20, Japan) and a field-emission scanning electron microscope (FEI/Philips XL30, Holand, USA). The carbon source utilization was examined using a standardized method with the Biolog microstation (GP2; Biolog Hayward, CA, USA). For genotypic identification, the genomic DNA of the PL7 strain was isolated according to the methods described previously (Ping et al. 2014) . The 16S rDNA nucleotide sequence was enzymatically amplified using the polymerase chain reaction (PCR) method with genomic DNA isolated from Raoultella sp. PL7 as the template. The PCR products were extracted and purified from the agarose gel using the AxyPrep DNA Gel Extraction Kit (Axygen Biotech Ltd.) according to the manufacturer's instructions. The resulting PCR fragment was ligated with pGEM-T (Promega, Madison, WI, USA) using the T/A cloning procedure (Liu et al. 2011 ). The pGEM-T-PL7 recombinant plasmid was transferred into competent cell Escherichia coli JM109, and then spread onto the LB plate containing 5-bromo-4-chloro-3-indolylb-D-galactoside (X-gal), isopropyl-1-thio-a-D-galactoside (IPTG) and ampicillin (50 g mL -1 ). The positive clone, E. coli JM109/pGEM-T-PL7, was obtained. After isolation using the AxyPrep Plasmid Miniprep Kit (Axygen Biotech Ltd.), both strands of the pGEM-T-PL7 plasmid were sequenced using ABI 3730XL DNA Analyzer (Sangon Biotech Co. Ltd., Shanghai, China). The sequence obtained in this study was compiled and compared to sequences deposited in the GenBank databases using the BLAST program (Altschul et al. 1997 ). The sequences were aligned using multiple sequence alignment software, CLUSTAL W ver. 1.81 (Thompson et al. 1994) . A phylogenetic tree was constructed using MegAlign software (DNASTAR Inc., Madison, WI, USA). Construction of the phylogenetic tree was based on the partial 16S rDNA sequences using similarity as the index.
PYR and BaP degradation by PL7
Two sets of experiments including the control were performed to inoculate the boiled PL7 cells and the liquid matrix containing 20 mg L -1 PYR and 10 mg L -1 BaP with the PL7 strain for the biodegradation of PYR and BaP in liquid matrix. 2 mL of PL7 pre-culture (approximately 2.0 9 10 8 cells mL -1 ) was transferred into 8 mL of the degradation culture. The flasks were incubated at 30°C with shaking at 180 rpm in a culture incubator in the dark. Samples from each treatment were collected 9 times during the time interval from 10th to 240th hour to determine the number of bacteria and the concentrations of PYR and BaP.
Degradation solutions with different pHs ranging from 5 to 10 adjusted by 0.1 M NaOH or HCl were incubated at 20, 30 and 40°C in the dark to investigate the effects of pH and temperature on the biodegradation of PYR and BaP. Twenty grams of soil were placed in Erlenmeyer flasks and autoclaved at 121°C for 20 min. The unsterilized soil was artificially contaminated with PYR and BaP. Two treatments including the control (no inoculants) and inoculants (10%) were used to investigate the biodegradation efficiency. PYR and BaP at concentrations of 10 and 5 mg kg -1 (dry matter basis), respectively, were mixed with the tested soil (20.0 g) for each treatment. The mixtures were stored at room temperature overnight to evaporate the acetone. After the acetone evaporated, the inoculants were then added to the Erlenmeyer flasks. The Erlenmeyer flasks were placed at 30°C in a culture incubator and incubated in the dark. Sterile water was added to maintain the soil moisture content at 65%. Soil samples from each treatment were collected after 0, 10, 20, 32, 44, 56, 68, 92, 140, 188, and 240 h to determine the PYR and BaP concentrations.
In this study, all treatments were carried out in triplicate if not specially noted.
PYR and BaP analysis
Extraction of PAHs from the liquid culture medium was carried out according to the following steps: 10 mL of degradation solution was transferred into a 250 mL separatory funnel and extracted with four 30 mL additions of dichloromethane. For each extraction, the separatory funnel was shaken for 30 s. The combined dichloromethane portions were reduced to dryness under a stream of nitrogen in a 40°C water bath. The dried samples were redissolved in 10 mL of acetonitrile. The extraction of PYR and BaP from the soil was performed according to the methods described previously (Ping et al. 2014 ). The concentrations of PYR and BaP were analyzed using HPLC (Waters Corporation, Milford MA, USA) with a Waters PAH C18 column (4.6 mm 9 250 mm, 5 lm particle size; Waters Corporation) under the condition of 1.0 mL min -1 acetonitrile-water mobile phase in gradient elution mode. The gradient elution mode was set to 60% acetonitrile at 0 min, 100% acetonitrile at 12.0 min and 60% acetonitrile at 20.0 min. The excitation and emission wavelengths were 250 and 270 nm at 0 min, 250 and 385 nm from 7.6 to 9.0 min, and 296 and 404 nm from 12.2 to 20.0 min, respectively. The retention times for PYR and BaP were 10.3 and 17.4 min, respectively.
The total PYR and BaP recoveries were within the acceptable ranges: the mean PYR recovery ranged from 95 to 105% in 2.0 and 20.0 mg L -1 , and the mean BaP recovery was 91 and 98% in 1.0 and 10.0 mg kg -1 , respectively, in the degradation solution. The mean PYR recovery values obtained from the soil were 89 and 101% in 1.0 and 10 mg kg -1 , respectively. The mean BaP recovery values obtained from the soil were 85 and 97% in 0.5 and 5.0 mg kg -1 , respectively. The results of the blanks (degradation culture with strains and soils but without spiking PAHs) extracted under the same conditions were below the detection limits. The sample results without the blank correction are presented.
Results
Isolation and identification of microorganisms
The competitive strains capable of degrading PYR and BaP were continuously enriched and formed a relatively stable microbial community after repeated enrichment. The bacterial strain was isolated from the soil using platescreening of microorganisms and pure bacterial culture isolation techniques. The isolated strain was identified as PL7. PL7 was capable of using PYR or BaP as the sole carbon source when incubated in liquid culture. The PL7 strain was deposited in the China Center for Type Culture Collection (CCTCC), Wuhan, China, and assigned the accession number M 2016061. This strain was selected for further study based on its ability to utilize PYR and BaP as a carbon source. The strain was Gram-positive, aerobic, possessed a capsule, non-motile, typically round, pink, 0.5-0.8 9 1.0-1.5 mm in size, convex with a smooth margin and non-flagellated ( Fig. S1 in the Supporting Information). The diameter of the colony incubated at 30°C for 24 h was 2-3 mm. The colony was sticky when picked up from the plate. The carbon source utilization and sensitivity to chemicals were determined using a standardized method employing the Biolog microstation (Table S1 and S2 in the Supporting Information). According to the biochemical and morphological characterization, and the Biolog GP2 tests, the similarity of the PL7 strain to R. planticola was 99.9%. The partial 16S rDNA sequence of PL7 was determined and the sequence was deposited in the GenBank database with the accession number KU668567. Analysis of its 16S rDNA sequence revealed that PL7 had the highest sequence identity (100%) with R. planticola (AJ251467). The phylogenetic analysis indicated that these two strains shared the closest relationship (Fig. 1) . Thus, based on the identification results, this newly isolated strain is considered to be a strain of R. planticola and is named R. planticola PL7.
Effects of temperature and pH on PYR and BaP degradation by PL7
To investigate the effects of temperature on biodegradation by PL7, the degradation tests were carried out at various temperatures ranging from 20 to 40°C and the pH was maintained at 7.0. As shown in Fig. 2 , the degradation rates of PYR and BaP by PL7 at 30°C were significantly higher than those at 20°C. On the 10th day, the degradation rate of PYR and BaP at 30°C increased by 17.89 and 27.13%, respectively, when compared to those at 40°C. On the 10th day, the degradation rates of PYR and BaP at 20°C decreased by 36.77 and 24.30%, respectively, when compared to those at 30°C.
According to the kinetic model (El-Mansi et al. 2007) , we obtained kinetic equation as follows: -dc/dt = Kc, where c is the concentration of PYR, t is the reaction time, and K is the kinetic coefficient. The degradation of CK did not obey first-order reaction kinetics (R 2 \ 6). The first-order reaction kinetics of PYR degradation were c = 19.416e -0.0126t , R 2 = 0.8406 (20°C), c = 18.032e -0.0807t , R 2 = 0.8202 (30°C) and c = 17.851e -0.068t , R 2 = 0.9462 (40°C). The half-life of PYR in liquid matrix containing PL7 was 26.26 (20°C), 8.59 (30°C) and 10.19 days (40°C). The firstorder reaction kinetics of the PL7 strain for BaP were c = 9.7744e -0.0386t , R 2 = 0.945 (20°C); c = 8.3645e -0.0733t , R 2 = 0.8488 (30°C) and c = 9.3213e -0.0346t , R 2 = 0.8097 (40°C). The half-life of BaP in liquid matrix containing PL7 at varying temperatures was 17.96 (20°C), 9.46 (30°C) and 20.03 days (40°C). On the 10th day, the degradation rates of PYR and BaP by PL7 at 30°C were higher than those at 20 and 40°C.
Degradation tests were carried out at various pHs. As shown in Fig. 3 , the optimal pH for degradation was 8.0. At a pH 8.0, 64.6 and 58.9% of PYR and BaP, respectively, were removed after 10 days. This was significantly higher than under other pH conditions. The first-order reaction kinetics of PL7 degradation at various pHs are shown in Table 1 . The half-lives of PYR and BaP by PL7 degradation at a pH of 8.0 were 5.91 and 7.30 days, respectively, whereas the half-lives of PYR and BaP at a pH of 10.0 were 9.99 and 10.24 days, respectively.
Degrading characteristics of the PL7 strain in liquid matrix PL7 effectively degraded PYR and BaP in the solution under the conditions of 30°C and a pH of 7.0. The results are detailed in Figs. 4 and 5. The degradation rate (DR) was calculated according to the following equation: DR (%) = (C c -C s )/C c 9 100%, where C c is the concentration of PYR or BaP with the boiled cells of the strain (CK) and C s is the concentration of PYR or BaP with PL7 (PL7). At the initial concentrations of 20 and 10 mg L -1 of PYR and BaP, respectively, PL7 degraded 52.0% of PYR and 50.8% of BaP after 10 days, demonstrating that PL7 degraded PYR and BaP equally as well.
According to the kinetic model (El-Mansi et al. 2007 ), the degradation reaction of PL7 fit to the first-order reaction kinetics according to the following equation: c = 18.0321e -0.0807t , R 2 = 0.8202 (PYR) and c = 8.3645e -0.0733t , R 2 = 0.8488 (BaP), where c is the concentration of PYR and BaP, t is the reaction time of degradation and k is the kinetic coefficient. The degradation reaction of the control was not described by the firstorder reaction kinetics (R 2 \ 5). The half-life of PYR and BaP in liquid matrix containing PL7 was 8.59 and 9.46 days, respectively. Figure 5 shows the number of bacteria in the liquid culture during the 240 h biodegradation process. These data indicated that the number of bacteria gradually decreased as the culture time continued. The mixture of PYR and BaP had the greatest impact on the number of bacteria. At 240th hour, the number of bacteria in the mixture of PYR and BaP solution was 0.65 9 10 7 CFU. However, in the CK1 (no addition of PAH and acetone added) and CK2 (only acetone added) solutions, the number of bacteria was 5.5 9 10 7 and 4.35 9 10 7 CFU, respectively.
Degrading characteristics of the PL7 strain in soil
The degradation of PYR and BaP was significantly higher (p \ 0.05) in soils inoculated with live PL7 cell than that in the non-inoculated soils (Fig. 6) . The results demonstrated that BaP and PYR were degraded by PL7 in soils with a pH of 7.0 and a temperature of 30°C during incubation period. The degradation rates of BaP and PYR by the PL7 strain were 49.7 and 29.3% in red soil, 18.0 and 32.0% in paddy soil, and 7.1 and 9.1% in fluvo-aquic soil, respectively, on the 10th day. This study demonstrated that the degradation ability of PL7 was different in different soils and the rate of degradation was highest in the red soil. Just as the pH of the liquid affected the degrading characteristics of the strain ( similar effects. The soil pH was 5.28, 5.64 and 6.24 for red soil, paddy soil and fluvo-aquic soil, respectively. The effects of soil pH on the degradation abilities were more obvious than in the liquid matrix. The PYR degradation by PL7 fit the first-order reaction kinetics model (El-Mansi et al. 2007 ). The equations were as follows: c = 9.0755e -0.0319t , R 2 = 0.7647 (red soil); c = 9.1027e -0.0286t , R 2 = 0.6400 (paddy soil); and c = 9.6510e -0.0106t , R 2 = 0.7104 (fluvo-aquic soil). The PYR degradation reaction in soil without PL7 (CK) was described by the following equation: c = 9.7691e -0.0076t , R 2 = 0.6564 (red soil CK); c = 9.8465e -0.0100t , R 2 = 0.8601 (paddy soil CK); and c = 9.9915e -0053t , R 2 = 0.7064 (fluvo-aquic soil CK). The half-life of PYR by PL7 degradation was 21.7, 24.3, and 65.4 days in red soil, paddy soil and fluvo-aquic soil, respectively. However, the half-life of PYR without PL7 was 91.2, 69.3, and 130.8 days in red soil, paddy soil and fluvo-aquic soil, respectively. PL7 degradation shortened the half-life of PYR to 69.5, 45.0, and 65.4 days in red soil, paddy soil and fluvo-aquic soil, respectively. The degradation reaction of BaP by PL7 fits the first-order reaction kinetics according to the following equations: c = 4.5328 -0.0584t , R 2 = 0.9336 (red soil); c = 4.5807e -0.0210t , R 2 = 0.6802 (paddy soil); and c = 4.9256e -0.0157t , R 2 = 0.7683 (fluvoaquic soil). The half-life of BaP by PL7 degradation was 11.9, 33.0, and 44.1 days in red soil, paddy soil and fluvoaquic soil, respectively.
Discussion
PAHs are the primary pollutants of the environment; therefore, the removal and degradation of these hydrocarbons are of the utmost importance. Previous studies have reported that the removal of PAHs from the environment mainly relies on the biodegradation processes of microorganisms (Song et al. 2011; Thavamani et al. 2012) . The identification of strains that degrade PAHs is critical for successful implementation of environmental bioremediation. Thavamani et al. (2012) reported that degradation by the consortium-5 consisted of four different bacterial species. Sixty-seven percent of BaP was degraded after 60 days of incubation, while only 50% was degraded in the presence of Cd (Thavamani et al. 2012) . After cultivation with 50 mg L -1 of PYR and BaP, the P14 strain removed 34% of PYR and 30% of BaP in 30 days (Song et al. 2011) . The percentage of BaP degradation in 5 days ranged from 1 to 35% in bacterial cultures with 25-75 mg L -1 of BaP (Machín-Ramírez et al. 2010) . Wongwongsee et al. (2013) demonstrated that the Novosphingobium and Microbacterium sp. strains degraded 98 and 71% of the PYR content, respectively, after 2 weeks. Sphingobium sp. FB3 degraded 72 ± 8% of the PYR content (100 mg L -1 ) and 6 ± 2% of the BaP content (10 mg L -1 ) in 10 days (Fu et al. 2014) . After 40-day cultivation with Pseudomonas sp. JP1, the anaerobic biodegradation rate of BaP, fluoranthene and phenanthrene was 30, 47, and 5%, respectively (Liang et al. 2014) . However, Pseudomonas sp. JP1 hardly degraded PYR under aerobic or anaerobic conditions. Sodium sulfite, iron oxide, manganese dioxide, potassium chlorate, maltose, glycine and a salinity of 20% significantly stimulated anaerobic degradation of BaP. Amycolatopsis sp. Poz14 exhibited degradation percentages of 100% for naphthalene, 37.87% for anthracene, 25.10% for PYR and 18.18% for fluoranthene within 45 days (Ortega-González et al. 2015) . Luo et al. (2009) reported that Ochrobactrum sp. BL01 and Pseudomonas fluorescens BL03 degraded 20.98 and 44.07% of the BaP content, respectively, after 14 days of incubation. These two strains also effectively degraded PYR; however, neither exhibited BaP degradation activity (Wongwongsee et al. 2013) . Ping et al. (2014) showed that after 10 days, the PL1 strain degraded 63.4% of the PYR content and 55.8% of the BaP content in the presence of 20 mg L -1 PYR and 10 mg L -1 BaP (Ping et al. 2014) . The R. planticola PL7 strain obtained in the current study efficiently degraded PYR and BaP. The degradation rates of PYR and BaP by R. planticola PL7 were similar to those reported in previous studies (Ping et al. 2014) . The PL7 strain is a new candidate for the biodegradation of PYR and BaP.
PYR and BaP persist in the environment due to their resistance to biodegradation and slow degradation rates during bioremediation. In this study, the PL7 strain was able to efficiently degrade high-molecular-weight PAHs (PYR and BaP) . This is the first study to report that R. planticola degrades PYR and BaP, though previous reports have found that R. planticola was able to degrade atrazine, organic compounds of molasses melanoidin, lipids and 2,4,5-trichlorophenoxyacetic acid (Swissaa et al. 2014; Sugimori et al. 2013 ). This study indicated that the R. planticola PL7 strain is a promising PYR and BaP degradation strain due to its high tolerance of PYR and BaP and demonstrated its potential in the remediation of mixed PAH contamination. This study also found that the rate of PYR and BaP degradation in liquid culture was rapid during the first 4 days and then slowed. Slow-growing bacteria due to nutritional deficiencies, intermediate metabolites produced during PYR and BaP degradation and changes in the environmental conditions may have contributed to this phenomenon (Zhong et al. 2010) .
Environmental conditions have an important influence on the growth of microorganisms and their biodegradation functions. Commonly, the reproduction speed of bacteria was faster under higher temperatures because the growth and enzymatic activity of microorganisms in vivo are relatively high at higher temperatures. Biological activity (such as degradation) increased with higher temperatures. The optimum temperature for enzymatic activity typically ranges from 35 to 40°C. On the 10th day, the degradation rate of BaP by PL7 was higher at 30°C than at 20 and 40°C. The degradation rate of PYR by PL7 was higher at 30 and 40°C than at 20°C. After 188 h, the degradation rates of PYR by PL7 at 30 and 40°C were similar. PYR and BaP were not degraded equally possibly due to differences in the underlying mechanisms and different degradation enzymes.
The characteristics of PAH-degrading strains are influenced by the environmental pH and temperature. In contrast to previous studies, the highest amounts of PYR and BaP degradation were achieved when the pH was 8.0. The degradation of phenanthrene and anthracene by Sphingomonas paucimobilis was more sensitive to the pH of the growth media (Kastner et al. 1998) . Cell numbers may increase rapidly under weakly acidic or neutral conditions; however, in an alkaline environment the cell growth is restrained further affecting degradation (Tao et al. 2007 ). The regulation of the pH and temperature is very important for PAH degradation by PL7 in the actual contaminated environment. The degradation ability of the PL7 strain varied in different soils. The rate of degradation in red soil was higher than that in paddy soil and fluvo-aquic soil, which may have been due to their different pHs. The degradation capacity of PL7 was higher under weak alkali and acidic conditions, and the degradation rate was highest in red soil with a pH of 5.28. Therefore, the degradation capacity of PL7 can be improved by regulating the pH of the polluted environment. Contrary to a previous report, BaP degradation was higher than PYR degradation in red soil (Zeng et al. 2010) . The nutrient and environmental conditions are better in red soil than in paddy soil and fluvo-aquic soil. For these reasons, degradation by the PL7 strain in red soil was the fastest, further confirming that the environmental conditions greatly influence microbial metabolic activity. Similar to the PL1 strain, the half-life of BaP degradation was shorter than that of PYR degradation in red soil and fluvo-aquic soil with PL7 (Ping et al. 2014) .
Typically, the biodegradation of PAHs with low-molecular weights is more extensive and occurs much more rapidly than the high-molecular weight PAHs (Lors et al. 2012 ). However, high degradation rates have been observed with high-molecular weight PAHs in some cases. In the bioremediation of aged PAH-contaminated soil with a microbial consortium, the biodegradation of PAHs with two to four rings was significantly lower than that of PAHs with five to six rings (Mao et al. 2012) . In this study, the degradation of BaP by PL7 was more efficient than that of PYR in red soil and fluvo-aquic soil. Thavamani et al. (2012) reported that approximately 77% of bacterial consortium degradation was observed in PYR compared to 48% in BaP during the 60-day incubation period. Wu et al. (2013) reported that the maximum degradation rate was 38.2 and 26.4% for PYR and BaP, respectively, using six different PAH-degrading consortia over a 30-day period. Studies also showed that Ochrobactrum sp. from marine sediment degraded and utilized BaP (over 20% during 2 weeks of incubation) as a sole carbon and energy source (Wu et al. 2009 ). During a 70-day experiment, Contreras-Ramos et al. (2008) demonstrated that E. foetida removed 16% of BaP and 99% of phenanthrene from soil compared to 3 and 95%, respectively, from unamended soil. Chen and Ding (2012) reported that after 90 days of incubation the biodegradation percentage of PYR was 52% in unsterilized soil without microorganisms. The percentages increased to 95 and 91% when amended with live P. chrysosporium. In soils contaminated with 1000 mg kg -1 of a three-PAH mixture, Trichoderma asperellum H15 was shown to degrade 74% of phenanthrene, 63% PYR and 81% BaP after 14 days (Zafra et al. 2015) . Compared to reports using other microorganisms, the rate of degradation of PYR and BaP in red soil using PL7 was relatively faster.
Conclusions
This study demonstrated that a newly isolated and identified strain (R. planticola PL7) could degrade 52.0% of PYR and 50.8% of BaP in 10 days. The degradation rate of PYR and BaP by PL7 at 30°C was significantly higher than that at 20 and 40°C. From the 32nd hour to the 10th day, the degradation rate of PYR at 40°C was significantly higher than that at 20°C. The degree of degradation by PL7 was influenced by the pH in the following order: pH 8.0 [ pH 5.0 [ pH 6.0 [ pH 7.0 [ pH 10.0. After 10 days, the percentage of PYR and BaP removal (64.56 and 58.89%, respectively) was significantly higher at a pH of 8.0. The study showed that the degradation ability of PL7 varied in different soils such that the rate of degradation in red soil was better than that in paddy soil and fluvo-aquic soil. The half-life of PYR degradation by PL7 was 21.7, 24.3, 65.4 days in red soil, paddy soil and fluvoaquic soil, respectively. The half-life of BaP degradation by PL7 was 11.9, 33.0, and 44.1 days in red soil, paddy soil and fluvo-aquic soil, respectively, suggesting that the halflife of BaP degradation was shorter than that of PYR degradation when using PL7. This study indicated that that the capacity of PL7 to degrade PYR and BaP in red soil was relatively high. These findings demonstrate that R. planticola PL7 is a new PYR-and BaP-degrading strain and has significant potential for the bioremediation of PAHs in soil.
